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SUMMARY 
Two types o f  t u r n i n g  vane a i r f o i l s  ( a  c o n t r o l l e d - d i f f u s i o n  shape and a 
c i r c u l a r - a r c  shape) have been evaluated i n  the high-speed and fan -d r i ve  corners 
o f  a 0.1-scale model o f  NASA Lewis Research Center 's  proposed A l t i t u d e  Wind 
Tunnel. The high-speed corner was evaluated w i t h  and w i thou t  a s imulated eng- 
i n e  exhaust removal scoop. The fan-dr ive corner was evaluated w i t h  and w i thou t  
t he  high-speed corner.  Flow surveys o f  pressure and f l o w  angle were taken f o r  
bo th  t h e  corners and the  vanes t o  determine t h e i r  respec t ive  losses. The two- 
dimensional vane losses were low; however, the o v e r a l l  corner losses were 
r e s u l t i n g  f rom i n t e r s e c t i o n  of the  tu rn ing  vanes w i t h  the  end w a l l .  
d imensional  e f f e c t s  were e s p e c i a l l y  pronounced i n  t h e  ou ter  reg ion  o f  the  c i r -  
c u l a r  corner.  
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NOMENCLATURE 
2 s t a t i c  pressure, N/cm 
2 t o t a l  pressure, N/cm 
v e l o c i t y  head, 0.7 PsM, N/cm 
pS 
pT 
2 
q 
qin,c W corner  loss  c o e f f i c i e n t ,  (PT,in,c - PT,out,c C 
ov 
Subsc r i p t s : 
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C corner  
i n  i n l e t  
ou t  o u t l e t  
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INTRODUCTION 
Because o f  the magnitude o f  the  proposed AWT r e h a b i l i t a t i o n  a 0.1-scale 
The r e h a b i l i t a t i o n  o f  the  f u l l - s c a l e  tunnel  
, modeling program was undertaken t o  ensure the  techn ica l  soundness o f  t he  new 
component designs ( r e f s .  3 t o  7 ) .  
was no t  approved, b u t  severa l  o f  the  scaled components were evaluated. 
Corners 1 and 2, the t e s t  sect ion,  and the  con t rac t i on  sec t i on  were ex ten -  
, s i v e l y  tes ted  ( r e f s .  8 t o  1 4 ) .  I 
The NASA Lewis Research Center 's  A l t i t u d e  Wind Tunnel (AWT) f i r s t  became 
opera t iona l  i n  1944 and was used f o r  aeropropuls ion research u n t i l  1958. The 
AWT was then converted t o  a l t i t u d e  chambers and was used f o r  space research i n  
the  l a t e  1950's and e a r l y  1960's.  Since t h a t  t ime the  tunne l  has been inac-  
t i v e .  I n  the  ear ly  1980's i t  was proposed t h a t  NASA Lewis r e h a b i l i t a t e  the 
AWT f o r  the aeropropuls ion needs o f  the  fu tu re .  
accommodate tes ts  i n v o l v i n g  fue l -burn ing  engines, adverse weather cond i t i ons  
( i n c l u d i n g  i c i n g ) ,  and acoust ics .  
maximum Mach number of 0.6 a t  30 000 f t  w i t h  a temperature c a p a b i l i t y  o f  
-69 O F .  The proposed c a p a b i l i t i e s  of the  new tunnel  ( f i g .  1 )  were Mach 0.92, 
50 000 f t ,  and -40 OF, respec t i ve l y .  
The proposed tunnel  would 
A s  o r i g i n a l l y  conf igured,  the AWT had a 
TURNING VANE D E S I G N  
One o f  the proposed changes f o r  t he  e x i s t i n g  tunnel  was t o  increase the 
maximum t e s t - s e c t i o n  Mach number from near 0.6 t o  0.92, w i t h  the  new design 
value a t  0.8. Slnce the  tunnel  s h e l l  ex is ted ,  t h i s  requirement increased the 
Mach number a t  corner 1 t o  about 0.35. I t  was then proposed t h a t  an engine 
exhaust removal scoop be extended through the center  o f  the corner 1 t u r n i n g  
vanes ( f i g .  1) .  Therefore the  corner 1 t u r n i n g  vanes would have t o  operate 
I 
~ 
I w i t h  Mach numbers grea ter  than 0.40. Since there  was a c ross leg  d i f f u s e r ,  the 
When the  tunnel was converted t o  a l t i t u d e  t e s t  chambers, a l l  the  i n t e r n a l  
components were removed. Since the  proposed tunnel  requirements were d i f f e r e n t  
f rom the o r i g i n a l  requirements, new components us ing  the  l a t e s t  technology 
were requ i red  t o  meet the  new ob jec t i ves .  
( i n c l u d i n g  s e t t l i n g  chamber, con t rac t i on  sect ion,  t e s t  sec t ion ,  and d i f f u s e r )  
and a new heat exchanger, f ou r  new sets  o f  t u r n i n g  vanes and a new two-stage 
fan-dr ive  system w i t h  v a r i a b l e  i n l e t  guide vanes (VIGV) were  proposed ( f i g .  1 ) .  
I n  corner 1 downstream o f  the  t e s t  sec t ion  (h ighes t  Mach number corner) ,  an 
engine exhaust removal scoop would extend through the center  o f  the  t u r n i n g  
vanes. 
vanes. Corners 3 and 4 would be c lean ( i . e . ,  no centerbody would pass through 
the vanes). The proposed tunnel  fea tures  and the  new tunne l  components have 
been descr ibed i n  d e t a i l  by the  authors ( r e f s .  1 and 2 ) .  
I n  a d d i t i o n  t o  a new high-speed l e g  
The fan-dr ive s h a f t  f a i r i n g  would extend through the corner 2 t u r n l n g  
I 
2 
This paper summarizes the  s i g n i f i c a n t  r e s u l t s  o f  the  corner t u r n i n g  vane 
i n v e s t i g a t i o n s .  I n  each corner a c o n t r o l l e d - d i f f u s i o n  a i r f o i l  design and a 
c i r c u l a r - a r c  a i r f o i l  design were evaluated. Both corners were tes ted  over a 
range o f  Mach numbers. Corner 1 was tested w i t h  and w i thou t  a s imulated eng- 
i n e  exhaust removal scoop. Corner 2 was inves t i ga ted  w i t h  and w i thou t  
corner 1 t o  determine i n t e r a c t i o n  e f f e c t s .  The combined c o n f i g u r a t i o n  
(corner  1 and corner 2) was a l s o  tes ted  w i t h  screen-generated d i s t o r t i o n  
upstream o f  corner 1. 
corner 2 i n l e t  Mach number was reduced t o  approximately 0.26. 
had i n l e t  Mach numbers l ess  than 0.10. The p re l im ina ry  engineer ing r e p o r t  
recommended a con t ro l l ed -d i f f us ion  vane f o r  corners 1 and 2 because a s i m i l a r  
vane shape demonstrated good performance i n  an Ames wind tunne l  ( r e f .  15). 
Since the  Mach numbers were low f o r  corners 3 and 4, t he  more convent ional  
c i r c u l a r - a r c  vanes were recommended f o r  those corners. 
Corners 3 and 4 
For the  corner  modeling program i t  was decided t o  t e s t  the  more conven- 
t i o n a l  c i r c u l a r - a r c  a i r f o i l  vane shapes as w e l l  as the  recommended c o n t r o l l e d -  
d i f f u s i o n  a i r f o i l  vanes. I n  both corners 1 and 2 a f l a t  l eng th  o f  10.67 cm 
(which formed an angle o f  45" w i t h  both the  upstream and downstream corners)  
was used as the  vane holder  ( t y p i c a l  corner setup shown i n  f i g .  2) .  Each se t  
o f  vanes was mounted i n  the  f l a t - l e n g t h  vane holder .  For corner 1 the  major 
a x i s  o f  t h e  e l l i p t i c a l  corner was 116.38 cm, and the  minor a x i s  was 82.296 cm. 
The corresponding values f o r  corner 2 were 133.99 and 94.743 cm. The two vane 
p r o f i l e s  a re  presented i n  F igure  3. 
Vane A 
The c o n t r o l l e d - d i f f u s i o n  a i r f o i l  (vane A) was designed by an inverse  
method developed by Sanz ( r e f .  16). 
i n  t h a t  t h e  sur face  v e l o c i t y  d i s t r i b u t i o n  can be d i r e c t l y  i n p u t .  
c o n t r o l  o f  the  v e l o c i t y  d i f f u s i o n  and e l im ina tes  boundary l a y e r  separat ion.  
This  c a l c u l a t i o n  method accounts f o r  the boundary l a y e r  displacement th ickness 
and ad jus ts  the  vane shape t o  p rov ide  the manufactur ing coord inates as output .  
Fo r  corner  1 there  were 20 equa l ly  spaced vanes w i t h  a s o l i d i t y  o f  1.89. For 
corner 2 there  were 23 equa l l y  spaced vanes w i th  a s o l i d i t y  o f  1.92. The vane 
coord inate f o r  corner 1 ( r e f .  8) d i f f e r e d  s l i g h t l y  f rom those f o r  corner 2 
( r e f .  9) because o f  the d i f f e r e n t  i n l e t  Mach numbers (0.35 versus 0.26). For 
the f u l l - s c a l e  tunnel  the  same vane coordinates were proposed f o r  both 
corners 1 and 2. 
The inverse  design code has an advantage 
This  a l lows 
For corner 1 several  changes i n  vane spacing and vane s e t t i n g  angle were 
Inves t i ga ted  ( r e f .  8); however, I n  th is  paper on ly  the o r i g i n a l  design (vane A) 
and the  bes t  c o n f i g u r a t i o n  (vane A10 - a l l  vanes rese t  - 5 "  f rom design) a re  
discussed. For corner 2 th ree  mod i f i ca t ions  were  made t o  the  vane A con f i gu r -  
a t i o n .  One change was t o  rese t  a l l  vanes - 5 "  f r o m  design (vane A2). Next the 
ou ter  vane was removed from the  corner, and the  corner was tes ted  w i t h  the 
vanes a t  design angle (vane A3)  and reset  -5" (vane A4). 
Vane B 
The c i r c u l a r - a r c  a i r f o i l  (vane E )  was designed by McFarland, who solved 
These vanes were designed f o r  a s o l i d i t y  o f  2.290, and t h i s  resu l ted  
f o r  t he  v e l o c i t y  d i s t r i b u t i o n  by using h i s  blade-to-blade panel method code 
( r e f .  1 7 ) .  The vane coordinates f o r  corners 1 and 2 were i d e n t i c a l  ( r e f s .  8 
and 9) .  
i n  24 vanes f o r  corner 1 and 28 vanes f o r  corner 2. 
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APPARATUS AND PROCEDURE 
T e s t  Apparatus 
Because i t  was des i red t o  be ab le  t o  q u i c k l y  change vanes, vane spacings, 
vane angles, and corners, severa l  unique design fea tures  were inc luded i n  the 
t e s t  apparatus. 
i n l e t  w i t h  a f low s t ra igh tener  were common f o r  a l l  con f i gu ra t i ons  ( f i g .  4 ) .  
For each corner a vane holder  was made i n  sect ions.  A l l  vanes were made the  
same he igh t  and each vane was mounted i n  a separate ho lder  ( f i g .  5 ) .  
were used between each holder .  Foam rubber was used t o  form the e l l i p t i c a l  
contour o f  the  corners. These fea tures  al lowed i n d i v i d u a l  vane spacing and 
angle changes w i thout  disassembling. 
A choked nozz le assembly f o r  f low measurement and a bel lmouth 
Spacers 
Modular cons t ruc t ion  was used f o r  the spool p ieces, the  ins t rumenta t ion ,  
and the  r i n g s  ( f i g .  4 ) .  The spool p ieces were made o f  a meta l . f rame and a 
c l e a r  p l a s t i c  wa l l .  The ins t rumenta t ion  r i n g  had f o u r  p o r t s  f o r  t o t a l  pressure 
rakes, boundary layer  rakes, o r  t rave rs ing  ac tua to r  probes loca ted  90' apar t .  
The r i n g  cou ld  be p h y s i c a l l y  ro ta ted  t o  survey o ther  c i r c u m f e r e n t i a l  l oca t i ons .  
The r i n g  could also be pos i t ioned a t  d i f f e r e n t  a x i a l  l oca t i ons .  
Corner 1 was t es ted  c lean t o  determine the best  vane se t  t o  be I n s t a l l e d  
w i t h  the simulated scoop ( f i g .  6 ) .  
w i t h  cutouts  f o r  the vanes. 
vanes. 
f r o m  the  vanes, both upstream and downstream. D e t a i l s  o f  the  corner 1 c o n f i g -  
u ra t i ons  a re  given i n  an e a r l i e r  r e p o r t  ( r e f .  8 ) .  
The wooden scoop was made i n  two p a r t s  
One p a r t  was mounted on each s ide  o f  the  t u r n i n g  
f o r  t h i s  con f igu ra t i on  an ins t rumenta t ion  r i n g  was mounted 1 diameter 
The corner  2 c o n f i g u r a t i o n  consis ted o f  the  c r o s s l e g  d i f f u s e r ,  t he  fan- 
d r i v e  s h a f t  f a i r i n g ,  the  corner,  and the  fan  V I G V ' s  ( f i g .  7 ) .  Th is  corner 
d i f f e r e d  f r o m  corner 1 i n  t h a t  the s h a f t  f a i r i n g  crossed the  I n l e t ,  whereas 
the  scoop i n  corner 1 was a l i gned  w i t h  the  f l ow .  
corner 2 f o r  t he  sha f t  f a i r i n g  across the  t u r n i n g  vanes. 
was s t a t i o n a r y  and the  rea r  p o r t i o n  was remotely va r iab le .  D e t a i l s  o f  t he  
corner 2 con f igura t ions  are  g iven by Boldman e t  a l .  ( r e f .  9 ) .  
For the combined corner 1 and corner 2 c o n f i g u r a t i o n  ( f i g .  8 ) ,  t he  b e l l -  
mouth and spool pieces ahead of the  d i f f u s e r  were removed, and corner 1 w i t h  
the s imulated scoop and vane A10 was i n s t a l l e d .  
were then i n s t a l l e d  upstream o f  corner 1. To determlne the e f f e c t s  o f  screen- 
generated d i s t o r t i o n s  on the performance, another spool p iece and d i s t o r t i o n  
r i n g  were  added j u s t  downstream of the bel lmouth and the f l o w  s t ra igh tener  
foam rubber was a l s o  used i n  
The I G V  f r o n t  p o r t i o n  
The bel lmouth and spool p ieces 
( f i g .  9) .  
The modular des ign chosen o f f e r e d  grea t  f l e x i b i l i t y  i n  conduct ing the 
exper imental  program. 
gated. Even chang- 
i n g  f rom one corner t o  another o r  adding a corner could be accomplished ra the r  
qu i  c k l  y . 
Both vane spacing and vane s e t t i n g  angle were i n v e s t l -  
It was a l s o  easy t o  change the  vane s e t  f rom vane A t o  8. 
Ins t rumenta t ion  
The o v e r a l l  performance was determined from d iamet r i ca l  rakes. A t y p i c a l  
rake I s  shown i n  f i g u r e  lO(a) .  The rakes had 16 t o t a l  pressure elements and 
4 
s i x .  t o t a l  temperature elements. 
8-element boundary l a y e r  rakes were used. A t y p i c a l  boundary rake i s  shown i n  
f i g u r e  10(b).  Each I G V  had f i v e  t o t a l  pressure elements mounted on the lead ing  
edge and f o u r  8-element r a d i a l  rakes downstream ( f i g .  lO (c ) ) .  S t a t i c  pressure 
taps were i n s t a l l e d  on the  end wa l l s ,  centerbodies,  and vane surfaces. D e t a i l s  
of the  ins t rumenta t ion  and loca t i ons  are g iven i n  e a r l i e r  repo r t s  ( r e f s .  8 t o  
11) .  
I n  add i t i on  t o  the d iamet r i ca l  rake f o u r  
To determine vane losses, de ta i l ed  surveys o f  the  f l o w  cond i t ions  were 
made w i th  t rave rse  probes. 
t he  outer ,  middle, and inner  corner regions. The ac tua tors  mounted on top of 
t h e  corner  a re  shown i n  f i g u r e  l l ( a ) .  To determine the  t o t a l  pressure and 
f l o w  angle p r o f i l e s  downstream o f  t he  I G V ,  r a d i a l ,  and c i r c u m f e r e n t i a l  actua- 
t o r s  ( f i g .  l l ( b ) )  were used. The loca t ions  o f  both the  vane survey and I G V  
survey ins t rumenta t ion  were descr ibed prev ious ly  ( r e f .  11).  
Surveys were made across two adjacent vane gaps i n  
RESULTS AND DISCUSSION 
Corner 1 Performance Without Scoop 
I t  was expected t h a t  corner performance would be b e t t e r  w i t h  vane A than 
w i t h  vane B. The r e s u l t s ,  however, y ie lded some surpr ises .  As p rev ious l y  
discussed ( r e f s .  8 and 1 1 ) ,  the  vane performance as w e l l  as the  corner  perform- 
ance was evaluated. Vane performance i s  summarized i n  f i g u r e s  12 t o  14.  I n  
the  midd le  reg ion  o f  t he  corner, where the  f l o w  should be representa t ive  of 
two-dimensional f low,  two vane passages were surveyed f rom the ou ter  w a l l  t o  
the  major ax i s .  
vane sur face Mach number d i s t r i b u t i o n  agreed q u i t e  w e l l  w i t h  design f o r  vane A 
( f i g .  12).  The f l o w  angles i n  the two-dimensional reg ion  showed over tu rn ing  
of approximately 3.5' over the  design value o f  45 ' .  For vane B ( f i g .  13) the 
two-dimensional vane loss  c o e f f i c i e n t  o f  0.08 a l s o  agreed q u i t e  w e l l  w i t h  i t s  
design. However, the vane sur face Mach number d i s t r i b u t i o n  i n d i c a t e d  s l i g h t  
separa t ion  near the  vane t r a i l i n g  edge. The two-dimensional  f l o w  angles f o r  
vane B showed about 2" o f  over tu rn ing .  
The two-dimensional vane loss  c o e f f i c i e n t  o f  0.05 and the 
The r a d i a l  d i s t r i b u t i o n  o f  t h e  vane loss  c o e f f i c i e n t  ( f i g .  14) shows 
t h a t  f o r  both vanes the  three-dimensional e f f e c t s  o f  the  end w a l l  s t r o n g l y  
i n f l uenced  the  l oss  c o e f f i c i e n t s  near the  end w a l l .  Since the  two-dimensional 
vane losses were l e s s  f o r  vane A than f o r  vane 8, i t  was s u r p r i s i n g  when the  
corner l oss  c o e f f i c i e n t  f o r  vane A was s i g n i f i c a n t l y  g rea ter  than t h a t  f o r  
vane B ( f i g .  1 5 ) .  V isual  observat ion o f  f l o w  t u f t s  i nd i ca ted  areas o f  f l o w  
separat ion i n  the  ou ter  corner reg ion  f o r  vane A. 
i n d i c a t e d  t h a t  h igh  losses were occurr ing i n  the  ou ter  corner reg ion.  
formed adverse geometry cond i t ions  w i th  the  end w a l l  i n  the  ou ter  corner 
reg ion.  
t o  the  h igher  corner losses i n  t h i s  c i r c u l a r  corner .  
An examination o f  t he  data 
Vane A 
This adverse geometry probably con t r i bu ted  t o  the  f l o w  separat ion and 
I f  i t  had no t  been f o r  the design v e r s a t i l i t y  o f  the  corner,  which 
al lowed f o r  qu ick  changes i n  angle and spacing, we would have concluded t h a t  
vane B was a b e t t e r  t u r n i n g  vane design t o  be used i n  c i r c u l a r  corners.  
ever, severa l  changes i n  vane s e t t i n g  angle and spacing were made ( r e f .  6 )  
w i t h  vane A i n  an at tempt t o  suppress the  separated f l o w  i n  the ou ter  corner  
reg ion.  S i m i l a r  changes i n  s e t t i n g  angle and spacing were no t  made w i th  
How- 
5 
vane B because the t u f t s  and the  data d i d  n o t  i n d i c a t e  f l o w  separat ion i n  the  
outer  corner region. Reset t ing a l l  o f  t h e  t u r n i n g  vanes -5" (vane A10) s i g n i -  
f i c a n t l y  reduced the  corner losses ( f i g .  15).  The vane l o s s  c o e f f i c i e n t  d i d  
n o t  change w i t h  t h e  rese t .  The vane surface Mach number d i s t r i b u t i o n  d i d  show 
t h e  change i n  incidence angle. The t u r n i n g  vane performance i n  corner 1 w i t h -  
ou t  t he  scoop i s  summarized f o r  the design Mach number o f  0.35 i n  the f o l l o w i n g  
t a b l e :  
Vane (two-dimensional):  
Loss c o e f f i c i e n t ,  
E x i t  f l o w  angle, 
Corner loss c o e f f i -  
c i e n t ,  wC 
U V  
d eg 
~~ -~ ~ 
For the vane conf igurat ions i nves t i ga ted  vane A10 gave t h e  lowest corner losses 
and was selected t o  be used w i t h  the s imulated engine exhaust removal scoop. 
Corner 1 Performance With Simulated Scoop 
The loss c o e f f i c i e n t  f o r  corner 1 w i t h  the  s imulated scoop increased i n  
p a r t  because t h e  scoop was located i n  the low-loss two-dimensional reg ion of 
t he  corner.  Not on ly  was more o f  the f l o w  forced t o  the  h igher  loss o u t e r - w a l l  
region, b u t  the i n t e r s e c t i o n  of t he  vanes w i t h  the  scoop a l s o  produced another 
source f o r  three-dimensional losses. The vane losses f o r  vane A10 w i t h  and 
w i t h o u t  t he  scoop are compared i n  f i g u r e  16. The two-dimensional vane loss  
c o e f f i c i e n t  increased from 0.05 t o  0.08 w i t h  the  scoop. These h igher  losses 
a re  a t t r i b u t e d  i n  p a r t  t o  the higher Mach number w i t h  the scoop (0.41 versus 
0.35 w i thou t  the scoop). The corner 1 losses w i t h  the  scoop were based on 
measurements 1 diameter downstream o f  the corner ( r e f .  8 ) .  These losses were 
the  same as the co rne r -p lus -d i f f use r  l o s s  prev ious l y  obtained ( r e f .  10) and 
repeated i n  f i g u r e  17. Also presented i n  f i g u r e  17 i s  t he  measured d i f f u s e r  
loss C o e f f i c i e n t .  Subtract ing the d i f f u s e r  losses from the  c o r n e r - l - p l u s -  
d i f f u s e r  losses r e s u l t e d  i n  the  corner 1 losses w i t h  the  scoop presented i n  
the f i g u r e .  
With t h e  scoop the  corner i n l e t  Mach number increased t o  about 0.41; the 
est imated corner 1 loss c o e f f i c i e n t  a t  t h a t  c o n d i t i o n  was 0.14. l h e  corres-  
ponding values wi thout  the scoop were 0.35 and 0.12. 
Corner 2 Performance Without Corner 1 
The r e s u l t s  o f  t h e  corner 2 vane evaluat lons were s i m i l a r  t o  those f o r  
corner 1. As prev ious ly  discussed ( r e f s .  9 and l l ) ,  t h e  vane performance as 
w e l l  as the corner performance was evaluated. The vane performance i s  summar- 
i z e d  i n  f i g u r e s  18 t o  20 f o r  t he  middle reg ion  o f  t h e  corner.  
passages were surveyed from t h e  end w a l l  t o  the centerbody. Both the end w a l l  
and the centerbody produced t h e  same type of r e s u l t s .  The two-dimensional 
reg ion  appeared t o  be from about 1 7  t o  38 cm. The reg ions near the  end w a l l  
and the  centerbody tended t o  separate, w i t h  the vane wakes extending about one 
vane gap. This i n d i c a t e d  a s t rong  i n t e r a c t i o n  o f  the end w a l l s  w i t h  the vanes 
Two vane 
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(three-dimensional effects). For both vane A3 (design setting with the first 
outer vane removed) and vane B, the vane surface Mach number distributions 
agreed quite well with their design distributions. 
number distributions were measured i n  the center passage and about halfway 
between the outer wall and the centerbody. However, the Mach number distribu- 
tion for vane B indicated slight separation near the trailing edge. 
flow angles seemed to vary more for corner 2 than for corner 1. 
the flow angle in the free-stream regions varied from about 47.5' to 50.0". 
For vane B the flow angles were much closer to the design value of 45" .  
These vane surface Mach 
The vane 
For vane A3 
As wfth the vane designs of corner 1 ,  with corner 2 vane A (A3 at the 
design setting with the outer vane removed, and A4 reset -5" with the outer 
vane removed) had a lower two-dimensional loss coefficient than vane B 
(fig. 20). The effects of the centerbody and the end wall on the vane loss 
coefficient are quite evfdent in the ffgure. The vane loss coefffcients in 
the two-dimensional region were 0.06 and 0.08 for vanes A and B, respectively. 
The corner loss coefficients (fig. 21) for vanes A (design) and A3 
( d e ~ t g n  ;ett!fig ;!th the ~ i i t e i .  ~ z i i e  i-efiovedj wer-e eiieniidiiy the  same and 
were higher than those for vanes A2 and A4 (A and A3, respectively, reset -5"). 
The corner loss coefficient for vane B was about the same as those for vanes 
A2 and A4. 
vane B would have been judged to be a lower loss design for the circular 
tunnel. 
Here again if I t  had not been for the versatility of the test rig, 
The results from both corners indicate that a very low-loss two- 
dimensional airfoil can be designed. However, in the real flow around corners 
the two-dimensional losses were not the predominate losses. The high losses 
appeared to be associated with the interaction of the turning vanes with the 
end walls'(three-dimensional effects). For both corners the vane A two- 
dimensional losses were less than those for vane B. When the total effects 
were considered, there was essentially no difference in the overall corner 
losses in corner 2 for the two vanes. 
Corner 2 Performance With Corner 1 
Corner 2 performance was reevaluated with corner 1 added upstream. 
Corner 1 had the simulated engine exhaust removal scoop and vane A10. Vane 
performance is summarized in figures 22 and 23 for the middle region of 
corner 2. Again two vane passages were surveyed from the end wall to the cen- 
terbody. The two-dimensional region appeared to be from about 17 to 32 cm, as 
compared with 17 to 38 cm without corner 1. The flow angle in the free-stream 
region for vane A4 (reset -5"  with the outer vane removed) agreed with the 
design value of 45".  The surface Mach number distribution reflected the 5" 
change in incidence angle due to the reset. The vane B surface Mach number 
distribution indicated slight separation over the vane trailing edge. 
When the vane loss coefficient was originally calculated for the corner 2 
vanes with corner 1 upstream, the values were higher than those without corner 
1. For all individual corner data the average inlet velocity head was used in 
the vane loss calculation because the entering flow was assumed to be uniform. 
However, when corner 1 was added upstream of corner 2, the flow entering 
corner 2 was no longer uniform. With corner 1 and vane B in corner 2 the flow 
migrated away from the end wall and the centerbody and toward the middle region 
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( f i g .  24) .  By assuming t h a t  the  l o c a l  i n l e t  v e l o c i t y  head i s  p ropor t i ona l  t o  
the  average i n l e t  v e l o c i t y  head by the square o f  the v e l o c i t y  r a t i o  w i t h  and 
w i thou t  corner 1, the vane loss  c o e f f i c i e n t  was ca lcu la ted .  These values 
( f i g .  25) were on ly  s l i g h t l y  d i f f e r e n t  f rom those obta ined w i thou t  corner 1. 
The corner 2 l oss  c o e f f i c i e n t  ( f i g .  26) was s i g n i f i c a n t l y  l ess  w i t h  
corner 1 than wi thout  i t .  As i nd i ca ted  i n  f i g u r e  24, the f l o w  had s h i f t e d  
f rom the  h igh  loss end-wall regions t o  the lower l oss  two-dimensional reg ion.  
The lower corner l oss  c o e f f i c i e n t  was a t t r i b u t e d  t o  lower l oss  i n  the  ou ter  
w a l l  reg ion  o f  corner 2, which i n  t u r n  resu l ted  f rom the lower momentum i n f l o w  
t o  t h i s  reg ion  caused by the  h igher  three-dimensional losses i n  the  ou ter  w a l l  
reg ion  o f  corner 1. 
Ef fects  of D i s t o r t i o n  on Corner Performance 
For the  data presented thus f a r  i n  the  paper the  i n l e t  f l o w  i n t o  the 
corners was uniform. 
data f o r  the  high-speed l e g  con f igu ra t i on ,  a pressure p r o f i l e  was obtained 
upstream o f  corner 1. The pressure p r o f i l e  was based on f i x e d  ins t rumenta t ion  
j u s t  upstream o f  corner 1 w i thou t  the scoop. 
pressure p r o f i l e  t w o  r a d i a l  d i s t o r t i o n  screens were tes ted .  A c i r c u m f e r e n t i a l  
d i s t o r t i o n  screen t h a t  was intended t o  s imulate the engine exhaust removal 
scoop a t  i t s  maximum expected angle o f  a t t a c k  was a l s o  tes ted .  
screen conf igura t ions  are  discussed i n  d e t a i l  by Gelder, e t  a l .  ( r e f .  10).  
From a pre l tmtnary  examinat ion o f  t h e  l i m i t e d  a v a i l a b l e  
I n  an at tempt  t o  s imulate the  
These th ree  
The measured i n l e t  pressure contours f o r  the th ree  screen con f igu ra t i ons  
( f i g .  27) showed t h a t  the r a d i a l  d i s t o r t i o n  obtained w i t h  the screens was l e s s  
than t h a t  measured i n  the  high-speed leg.  The e f f e c t s  o f  the screen-generated 
d i s t o r t i o n  on the corner l oss  c o e f f i c i e n t  a re  presented i n  f i g u r e  28. Although 
there  was more s c a t t e r  i n  the  data than w i th  un i fo rm f low,  there  was no con- 
s i s t e n t  d i f f e rence  between un i fo rm o r  d i s t o r t e d  f lows o r  between vane sets  i n  
corner 2. 
CONCLUDING REMARKS 
The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  show t h a t  h igh  Mach number t u r n i n g  
The two-dimensional vane loss  vanes can be designed w i th  very low losses. 
c o e f f i c i e n t  was 0.05 f o r  a c o n t r o l l e d - d i f f u s i o n  shape (vane A) and 0.08 f o r  a 
c i r c u l a r - a r c  shape (vane 8).  The corner loss c o e f f i c i e n t  was s i g n i f i c a n t l y  
h igher  f o r  these c i r c u l a r  corners.  We a t t r i b u t e d  t h i s  t o  the h igh  th ree-  
dimensional losses associated w i t h  the  end w a l l s .  The c o n t r o l l e d - d i f f u s i o n  
vane, i n  p a r t i c u l a r ,  formed a very adverse geometry where i t  m e t  the ou ter  
w a l l .  These adverse geometry cond i t ions  increased the  losses i n  the ou ter  
corner such tha t  the o v e r a l l  corner losses were grea ter  f o r  vane A than f o r  
vane B. Reset t ing vane A -5" (vane A10) d i d  r e l i e v e  p a r t  o f  the problem and 
produced a lower corner l oss  c o e f f i c i e n t  than f o r  vane 8. I n  rec tangu lar  
corners the  adverse geometry between vane and tunnel  w a l l  w i l l  n o t  e x i s t .  
Therefore t h e  corner l oss  c o e f f i c i e n t  should be much c l o s e r  t o  the  vane loss  
c o e f f i c i e n t .  And the c o n t r o l l e d - d i f f u s i o n  vane w i t h  i t s  lower vane loss  
c o e f f i c i e n t  would have a lower o v e r a l l  corner l oss  than the  c i r c u l a r - a r c  shape 
(vane 8) .  
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The r e s u l t s  f rom t h i s  i n v e s t i g a t i o n  a l so  i n d i c a t e  t h a t  upstream corners 
may have b e n e f i c i a l  e f fec ts .  Corner 2 l oss  c o e f f i c i e n t s  were lower when i t  
was tes ted  downstream of corner 1 than when i t  was tes ted  alone. This was due 
t o  lower losses i n  t h e  ou ter  w a l l  region o f  corner 2, which i n  t u r n  resu l ted  
f rom t h e  lower momentum i n f l o w  t o  t h i s  reg ion  caused by the h igh  three-  
dimensional  losses i n  the  ou ter  w a l l  reg ion  o f  corner 1. 
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FAN DRIVE 
SHAFT FAIRING 
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I I  
FLOW CONDITIONERS 
'REMOVABLE SPRAY BAR 
I!. ACOUSTIC WALLS 
SECTION A-A: TEST SECTION 
MCH NUMBER . . . . . . . . . . . . . . . . . .  0 TO 0.W 
ALTITUDE. M . . . . . . . . . . . . . . . .  0 TO 17 OOO+ 
TOTAL TEMPERATURE, OC . . . . . . . . . . . . .  -40 TO 15 
TEST-SECTION ACOUSTIC LEVEL, d B  (OASPL) . . . . . . .  120 
FIGURE 1. - CAPABIL IT IES OF MODIFIED AND REHABILITATED AWT 
4.454 CM 
4 
POSITIVE-DELTA 
VANE SPACING ,r\ 
r\c' ANGLE 
FIGURE 2. - SCHEMATIC SHOWING VANE A SETUP (20 VANES) I N  CORNER 1 (ALONG MAJOR A X I S ) .  
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I 
( 8 )  VANE A (CONTROLLED D I F F U S I O N )  
(B) VANE B (CIRCULAR A R C ) .  
FIGURE 3.  - CORNER 2 TURNING VANES. 
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FIGURE 4. - I N L E T  BELLMOUTH AND CHOKED NOZZLE ASSEMBLIES FOR SCALED MODELS. 
FIGURE 5. - CORNER 1 VANE HOLDER, 
13 
(A )  CORNER 1. 
( R )  SIMULATED ENGINE EXHAUST SCOOP. 
(C1 CORNER INLET WITH SCOOP (D) CORNER OUTLET WITH SCOOP 
FIGURE 6 .  - CORNER 1 WITH SIMULATED ENGINE EXHAUST SCOOP. 
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OROGiNAL PAGE IS 
OF POOR QUALIrY 
(A) CORNER 2. 
( B )  CORNER INLET K ITH SHAFT FAIRING. 
(C) DOWNSTREAM SHAFT FAIRING 'MlTH FAN INLET GUIDE VANES. 
FIGURE 7 .  - CORNER 2 WITH FAN DRIVE SHAFT FAIRING. 
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( A )  CORNER 1 .  
(B) CORNER 2 .  
( C )  CORNERS 1 AND 2 .  
F IGURE 8. - CORNERS 1 AND 2 TEST CONFIGURATIONS. 
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ORIGINAL PAGE IS 
OF POOR QUALfTY 
F I G U R E  9 .  - CORNERS 1 AND 2 WITH UPSTREAM DISTORTION SCREEN.  
17 
(A) DIAMETRICAL RAKE 
C-85-2087 
(B)  BOUNDARY LAYER RAKE. 
(C) I G V  LEADING EDGE AND DOWNSTREAM RAKE. 
C-86-1292 
(D) TRAVERSE PROBE. 
FIGURE 10. - INSTRUMENTATION. 
( A )  VANE E X I T  SURVEY ( B )  I G V  E X I T  SURVEY. 
FIGURE 11. - ACTUATORS. 
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FIGURE 12. - VANE A PERFORMANCE I N  CORNER 1 
WITHOUT SCOOP. TWO-DIMENSIONAL FLOW REGION: 
NOMINAL INLET MACH NUMBER. 0 . 3 5 .  
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FIGURE 13. - VANE B PERFORMANCE I N  CORNER 1 
WITHOUT SCOOP, TWO-DIMENSIONAL FLOW 
REGION; NOMINAL INLET MACH NUMBER, 0 . 3 5 .  
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FIGURE 16. - EFFECT OF SIMULATED SCOOP ON VANE LOSS COEF- 
F I C I E N T  I N  MIDDLE REGION OF CORNER 1 WITH VANE A10. 
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FIGURE 17. - EFFECT OF SIMULATED SCOOP ON CORNER 1 LOSS 
COEFFICIENT FOR VANE A10. 
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FIGURE 18. - VANE A3 PERFORMANCE I N  CORNER 2 
WITHOUT CORNER 1. TWO-DIMENSIONAL FLOW 
REGION; NOMINAL INLET MACH NUMBER. 0.24. 
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FIGURE 19. - VANE B PERFORMANGE I N  CORNER 2 
WITHOUT CORNER 1. TWO-DIMENSIONAL FLOW 
REGION; NOMINAL INLET MACH NUMUER, 0.24. 
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FIGURE 20. - VANE LOSS COEFFICIENT I N  MIDDLE REGION OF 
CORNER 2 WITHOUT CORNER 1. H I N A L  AIRFLOW. 69 KG/ 
SEC: NORINAL INLET W H  NlMEER, 0.24. 
60 
.3  
N 
. 
VANE SETTING ANGLE 
0 A DESIGN 
0 A2 DESIGN - 5' 
a A4 DESIGN - So, OUTER VANE REMOVED 
V B DESIGN 
- 0 A 3  DESIGN, OUTER VANE REWOVED 
1 I I 
0 .1 .2 . 3  .4 
CORNER 2 INLET M C H  NUMBER 
FIGURE 21. - CORNER 2 LOSS COEFFICIENT WITHOUT 
CORNER 1 AS FUNCTION OF INLET MACH NUMBER. 
DATA FAIR ING BASED ON LEAST-SQUARES F I T  
RADIAL 
POSl T ION. 
CM 
0 11.98 
0 17.05 
0 32.28 
A 37.38 
r n  I n 
J" 
I 
40 ' I I 
r 
N 
10.2 
W 
3 
v) 
v) 
W 
CL 0. 
$ 10.0 
0 c
0 4 8 12 
9.8 
GAPWISE LOCATION. CM 
.5 r SURFACE 0 SUCTION 
0 PRESSURE 
.4 
. 3  
.2 
w 
. 1  
0 20 40 60 80 100 
CHORDWISE LOCATION, PERCENT OF AEROCHORD LENGTH 
FIGURE 22. - VANE A4 PERFORMANCE I N  CORNER 2 
WITH CORNER 1. TWO-DIMENSIONAL FLOW REGION: 
NOMINAL INLET MACH NUMBER. 0.26. 
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FIGURE 23. - VANE B PERFORMANCE I N  CORNER 2 
WITH CORNER 1. TWO-DIMENSIONAL FLOW 
REGION: NOMINAL INLET MACH NUMBER. 0.26. 
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FIGURE 24. - EFFECT OF CORNER 1 ON RADIAL DISTRIBU- 
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FIGURE 25. - CORNER 2 VANE LOSS COEFFICIENT UNDER 
LOCAL CONDITIONS. 
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